Macroautophagy (called autophagy hereafter) is a catabolic process activated by various types of stress, most notably by nutrient deprivation. The autophagic degradation of intracellular macromolecules provides metabolic support for the cell; however, this physiological process can also initiate a form of cell death (type 2 programmed cell death). Here we report that oxygen deprivation can activate the autophagic pathway in human cancer cell lines. We observed that hypoxia induced distinct cellular changes characteristic of autophagy such as an increase in cytoplasmic acidic vesicles, and processing and cellular localization of microtubule-associated protein-1 light chain 3. Oxygen deprivation-induced autophagy did not require nutrient deprivation, hypoxia-inducible factor-1 (HIF-1) activity, or expression of the HIF-1 target gene BNIP3 (Bcl-2 adenovirus E1a nineteen kilodalton interacting protein 3) or BNIP3L (BNIP3 like protein). Hypoxia-induced autophagy involved the activity of 5 0 -AMP-activated protein kinase (AMPK). Finally, we determined that cells lacking the autophagy gene ATG5 were unable to activate the autophagic machinery in hypoxia, had decreased oxygen consumption and increased glucose uptake under hypoxia, had increased survival in hypoxic environments, and exhibited accelerated growth as xenografted tumors. Together, these findings suggest that the autophagic degradation of cellular macromolecules contributes to the energetic balance governed by AMPK, and that suppression of autophagy in transformed cells can increase both resistance to hypoxic stress and tumorigenicity. Low oxygen tension is a common characteristic of several pathophysiological conditions including cancer. Hypoxia in solid tumors is associated with resistance to radiotherapy and poor prognosis.
Low oxygen tension is a common characteristic of several pathophysiological conditions including cancer. Hypoxia in solid tumors is associated with resistance to radiotherapy and poor prognosis. 1 One consequence of tumor hypoxia can be cell death. 2, 3 However, several groups have shown that in general tumor cells are well adapted to moderate hypoxia, provided that there are no additional stresses such as glucose deprivation. However, extreme hypoxia is able to activate apoptosis through a hypoxia-inducible factor-1 (HIF-1)-independent process. [4] [5] [6] Interestingly, forced normoxic expression of HIF-1 target gene BNIP3 (Bcl-2 adenovirus E1a nineteen kilodalton interacting protein 3) has been reported to cause mitochondrial dysfunction and cell death in some, but not all, experimental settings. 5, 7, 8 Recent studies have also implicated BNIP3 in ceramide-and arsenic trioxide-induced autophagy 9, 10 and in a model of ischemia/reperfusion cell death. 11 
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0 -AMP-activated protein kinase (AMPK) is a major regulator of energy homeostasis. 12 Increases in the AMP/ ATP ratio lead to activation of AMPK, which in turn promotes energy-producing catabolic processes and attenuation of energy-consuming anabolic processes. 13 One major downstream pathway for this effect is through tuberous sclerosis complex (TSC) and mammalian target of rapamycin (mTOR).
14 Hypoxia is a potent stimulus of AMPK, which is independent of HIF activity, and can occur even before there are any detectable decreases in intracellular ATP levels. 15, 16 Recent reports suggest that in addition to AMPK's role in regulating normal glycolytic and oxidative metabolism, it can also regulate cellular energy homeostasis through the autophagic recycling of intracellular components. 17, 18 Macroautophagy (called autophagy hereafter) is a catabolic process involving the regulated digestion of cellular macromolecules and even whole organelles. 19 During autophagy, a portion of the cytoplasm is sequestered in double-membrane vesicles called autophagosomes, which then fuse with vacuoles or lysosomes where hydrolysis of the contents or cargo occurs. 20 Autophagy was first identified in yeast as a survival mechanism when nutrients were limiting. 21 Later, it was found that autophagy is necessary for diverse physiological processes in metazoans such as the development of fruiting bodies in Dictyostelium discoideum, key processes in plant metabolism, dauer formation in Caenorhabditis elegans, and for embryonic development and neonatal survival in mammals.
The occurrence of autophagy in solid tumors has been documented; 22 however, exactly how this process contributes to tumor biology is not clear. Beclin-1, the mammalian homolog of the yeast autophagy gene ATG6, is a haploinsufficient tumor suppressor. Heterozygous deletion of the BECN1 gene was found to decrease autophagy, increase the incidence of spontaneous malignancies, and accelerate the development of HBV-induced neoplasia. 23 Ectopic re-expression of beclin-1 in human breast cancer cells both increased autophagy and decreased tumorigenicity. 24 Autophagy has also been shown to protect mammalian cells against metabolic stress: for example, in IL-3-dependent hematopoietic cells 25 and in immortalized kidney and mammary epithelial cells. [26] [27] [28] However, there is also evidence that autophagy can suppress tumorigenicity through initiation of a type of programmed cell death. 29, 30 The signaling cascades that converge at and activate the autophagic machinery in tumor cells are poorly understood. In the present study, we show that hypoxia is able to activate autophagy even in the presence of nutrients and growth factors in apoptosis-competent cells. Furthermore, this autophagic response is not dependent on HIF signaling, requires ATG5 expression, and is supported by AMPK activity. Autophagy-defective mouse embryo fibroblasts (MEFs) showed decreased mitochondrial activity, increased glucose uptake, and moderately faster growth in vivo. We propose that these metabolic characteristics of autophagydeficient cells contribute to their increased tumorigenicity.
Results
Oxygen deprivation induces LC3 processing. We first determined whether oxygen deprivation stimulates autophagy, as indicated by the processing of microtubule-associated protein-1 light chain 3 (LC3-I) protein. Autophagic LC3-II has increased electrophoretic mobility and is competent for binding to an autophagosome. 31 SiHa and RKO cells were cultured in complete medium for 24 h under various oxygen concentrations, and cell lysates were analyzed for LC3 mobility (Figure 1a) . Oxygen deprivation caused a decrease of the LC3-I form and accumulation of LC3-II, indicative of the induction phase of autophagy. 20 Note that there was no change in beclin-1 levels in cells exposed to hypoxia (Figure 1a) . Next, we detected the accumulation of LC3-II over time (Figure 1b) . In SiHa cells, LC3-II accumulation was detectable after 12 h of oxygen deprivation, whereas in RKO cells, it took 24 h. We also visualized the intracellular distribution of LC3 using a GFP-LC3 fusion protein, as another means to detect autophagic LC3 processing (Figure 1c ). SiHa cells were transiently transfected with the GFP-LC3-expressing plasmid and the next day placed under hypoxia for 24 h. These cells were compared to cells incubated in Earle's balanced saline solution (EBSS) for 3 h of amino-acid deprivation. After treatment, cells were visualized with a fluorescence microscope. Control cells showed diffuse cytoplasmic GFP-LC3 fluorescence, whereas cells subjected to hypoxia or EBSS had distinct foci of GFP-LC3. This pattern was suppressed by the addition of the autophagy inhibitor 3-methyladenine (1 mM).
Hypoxia induces the formation of autophagosomes. Autophagy also requires the formation of autophagosomes, which then fuse with endosomes/ 31 AO is a cell-permeable lysosomotropic agent that fluoresces when excited with blue light. In its uncharged state AO emits green in the cytoplasm and nucleus, and in its protonated form it accumulates inside acidic vesicles and emits red light. We used vital staining with AO and flow cytometric analysis to quantitatively detect AVOs. Incubation of SiHa cells under hypoxia caused a significant increase in the fraction of cells with high red/low green ratio (Figure 2a ). In addition, hypoxia significantly increased the acidity and/or volume of acidic compartments in RKO colon cancer cells, immortalized MEFs, and the cervical carcinoma cell line HeLa (Figure 2b ). The fraction of highly acidic cells under control conditions was 1-3% of the various cell types, but increased to 20-34% after exposure to hypoxia. These increases were abolished by the addition of 1 mM 3-methyladenine to the media (data not shown).
We also obtained ultrastructural evidence of oxygen deprivation-induced autophagolysosome formation. SiHa cells were incubated under moderate or severe hypoxia in the absence or presence of 3-methyladenine and cells were processed for evaluation by transmission electron microscopy. Representative electron micrographs shown in Figure 3c demonstrate that autophagosomes were absent in control cells. In contrast, hypoxic cells contained numerous autophagic vacuoles at different stages of maturation including double-membrane encompassed electron-dense structures representing mature autolysosomes with degraded cargo. Quantitative analysis of these images revealed a dose-dependent relationship between the severity of oxygen deprivation and the number of autophagosomes per sectioned cell (Figure 3d ). Formation of these structures was inhibited by the addition of 3-methyladenine.
Hypoxia-induced autophagy of tumor cells is independent of HIF-1 and its target gene products BNIP3 and BNIP3L. The transcription factor HIF-1 plays a significant role in the adaptation of cells to hypoxia. 32 As mentioned above, there is also evidence that autophagic recycling of cytoplasmic components can support cell survival when nutrient availability is limited. Therefore, it was reasonable to investigate whether HIF-1 regulates autophagy induced by oxygen deprivation. To test this hypothesis, we used a panel of genetically matched cell lines with proficient and deficient HIF-1 activity to measure AVO formation under hypoxia. The panel of matched cell lines included SV40 T-antigen-immortalized MEFs, SiHa cells, and MCF-7 breast carcinoma cells. The MEFs were derived from wild-type and HIF-1a knockout embryos. SiHa and MCF-7 HIF-1a knockdown cells were established by stable shRNA expression targeted to HIF-1a. The efficiency of the knockdown (shHIF-1a) was determined by western blotting for HIF-1a and its transcriptional target BNIP3. Neither protein was detected in the MCF-7 shHIF-1a pool, whereas the SiHa pool showed approximately 70 and 90% reduction. respectively (Supplementary Figure S1) . To test if HIF-2a contributed to hypoxic autophagy, the panel also included the renal clear cell carcinoma 786-0 cell line in which the HIF-2a subunit is stabilized due to von Hippel-Lindau protein (pVHL) inactivation, and a clone with re-introduced pVHL and restored hypoxic regulation of HIF2a. As shown in Figure 3a , there was no significant effect of the loss of HIF-1 activity on AVO formation caused by hypoxia. There was variability in AVO formation among the cell lines, but this phenomenon was HIF-1 independent. In agreement with their reported resistance to autophagy, 24 MCF-7 cells displayed a minimal AVO formation, presumably due to the loss of beclin-1, irrespective of their HIF-1a and BNIP3 levels. 786-0 cells were also relatively resistant to AVO formation following hypoxia, with only 3-4% of the cells having a high FL3/FL1 signal ratio. It is noteworthy that stabilization of HIF-2a expression in 786-0 cells and, therefore, HIF-2a activity did not significantly alter the basal levels of autophagy.
These findings demonstrate that HIF-1 activity is not essential for hypoxia-induced autophagy in these diverse cell lines. Nevertheless, recent reports suggest that HIF-1 target BNIP3 is a mediator of autophagy under certain conditions. 7, 33, 34 To investigate a possible effect of BNIP3 expression on hypoxia-inducible autophagy independent of its induction by HIF-1, we first examined RKO cell clones that stably overexpress BNIP3, BNIP3L (BNIP3 like protein), or Bcl-2 to evaluate LC3 processing and AVO formation in response to oxygen deprivation. We chose RKO because the BNIP3 gene has been naturally silenced by promoter methylation, 35, 36 so re-expression would be expected to have the greatest possible impact on the processes regulated by the protein. To reveal any possible alterations in LC3 turnover in these cells, we added the cathepsin inhibitors pepstatin A and E64d to the culture media for the final 2 h before cell harvest. Western blotting confirmed the successful expression of BNIP3L, BNIP3, and Bcl-2 as indicated. In response to hypoxia, there was increased LC3 processing in all the clones equally ( Figure 3b , left panel). The normoxic and hypoxic number and/or volume of acidic vacuoles was also unchanged by the expression of these proteins ( Figure 3b , right panel). Taken together, these findings indicate that neither BNIP3 nor BNIP3L is sufficient to induce autophagy. Similar findings were obtained with the expression of these proteins in HeLa cells (Supplementary Figure S2) . In addition, hypoxiainducible autophagy was not inhibited by Bcl-2 overexpression in these tumor cells.
To extend this analysis regarding BNIP3 and BNIP3L, we used RKO cells to perform a complete loss-of-function analysis. In this autophagy-competent cell line without BNIP3 expression, knockdown of BNIP3L would create a cell line deficient in both of these closely related proteins. To this end, RKO cells were stably transfected with an shRNA directed against either nonsense (control) or BNIP3L. Colonies of drug-resistant clones were pooled and left untreated or exposed to hypoxia for 24 h. Cathepsin inhibitors were added to help detect subtle differences in LC3 turnover. Extracts were collected for western blotting (Figure 3c ). We found that the RKO cells with shBNIP3L had 90% reduced expression of BNIP3L in addition to no expression of BNIP3. These pools were then tested and showed proficient AVO formation. Neither BNIP3 nor BNIP3L expression is necessary (or sufficient) for the activation of autophagy in response to hypoxia (Figure 3c, middle panel) .
We hypothesized that restoring BNIP3 expression in this particular cell line may alter its metabolic response to hypoxia through a change in mitochondrial number/function. Analysis of cells that overexpress BNIP3 or the BNIP3L knockdown cells for mitochondrial oxygen consumption revealed that there was no difference in the previously reported decrease in mitochondrial activity under hypoxia that is mediated by PDK1 (Figure 3c , right panel). Recent reports indicate that endoplasmic reticulum stress (ER stress; unfolded protein response (UPR)) can activate autophagy. 38 Severe oxygen deprivation is a known stimulus of UPR; therefore, we investigated whether attenuation of this process could affect hypoxia-induced autophagy. Wild-type, Ire-1a À/À , and PERK À/À immortalized MEFs were exposed to hypoxia for 24 or 48 h, which is adequate to induce ER/UPR.
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LC3 processing was detected in all the samples, regardless of their Ire-1a and PERK status (Supplementary Figure S3) . This result indicates that autophagy induced by severe hypoxia is not dependent on a complete UPR stress response.
AMPK activity supports hypoxia-induced autophagy. AMPK is a major regulator of energy homeostasis. 12 It is activated by many stresses including hypoxia. 15 Therefore, we investigated the potential role of AMPK in hypoxia-induced autophagy using immortalized MEFs derived from either wild-type or AMPKa1a2 knockout embryos. The a subunits, which provide AMPK catalytic activity, were absent in these knockout cell lines as assessed by western blotting (Figure 4a ). As expected, dose-dependent activation of the AMPK pathway and phosphorylation of acetylCoA carboxylase under hypoxic stress occurred only in the wildtype MEFs (Figure 4a) . Incubation of the wild-type cells in EBSS for 3 h also caused moderate ACC1/2 phosphorylation. Exposure of the wild-type cells to 0.5 or o0.01% oxygen for 24 h caused significant changes in LC3 protein levels (Figure 4b ). Although the rabbit anti-LC3 antibody used in the present study recognized only the higher molecular weight form of LC3, Figure 4b clearly shows that AMPK activity positively regulated both the basal and hypoxia-inducible levels of LC3. In support of the contribution of AMPK to hypoxia-inducible autophagy, its activity was also necessary for maximal AVO formation under moderate or severe oxygen deprivation (Figure 4b, right panel) . To investigate the downstream signaling from AMPK that may be responsible for this autophagy, we examined TSC2 null fibroblasts for their sensitivity to hypoxia because they have elevated mTOR activity. TSC2 null cells showed no significant difference in LC3 processing in hypoxia (Figure 4c , left panel), but significantly lower AVO formation (Figure 4c , right panel). Because TSC2 is activated by AMPK and acts as a negative regulator of mTOR, these results support the hypothesis that AMPK contributes to hypoxia-induced autophagy by downregulating mTOR.
ATG5 is necessary for hypoxia-induced autophagy. The ATG5-ATG12 conjugation system is essential for autophagy triggered by various stimuli. 19 To investigate whether ATG5 is necessary for hypoxia-inducible autophagy, we used immortalized MEFs from wild-type or ATG5 knockout embryos. Severe oxygen deprivation caused a timedependent accumulation of LC3-II in the wild-type cells, where the ATG5-ATG12 conjugate can be detected, but not in the ATG5 null cells (Figure 5a possibility of clonal effects, we also tested a tetracyclineregulated ATG5 cell line, which was generated in the immortalized ATG5 À/À MEFs. 40 Doxycycline treatment of these MEFs resulted in a progressive loss of the ATG5-ATG12 band and diminished processing of LC3 during hypoxia (Figure 5a, right panel) . These results confirm that ATG5 is necessary for hypoxia-inducible autophagy.
Because AMPK is a critical regulator of metabolism, and ATG5 is downstream of AMPK for hypoxia-inducible autophagy, we next determined if there are any metabolic consequences of autophagy in hypoxic cells. It is known that hypoxia coordinately downregulates the TCA cycle and oxidative phosphorylation and upregulates anaerobic glycolysis. 37 We hypothesized that autophagic recycling of intracellular components may represent another means of tumor cell adaptation when exposed to hypoxia. Therefore, we performed mitochondrial oxygen consumption measurements on ATG5-proficient and ATG5-deficient cells exposed to moderate (0.5%) or severe (o0.01%) hypoxia. We found that in agreement with our previous findings, 37 hypoxia decreased the oxygen consumption rate of both cell types. However, the extent of this inhibition was influenced by the ATG5 status (Figure 5b, left panel) . Hypoxic ATG5 null cells showed 33 and 49% reductions in oxygen consumption rates compared with that of wild-type cells under moderate and severe hypoxia, respectively. Given that the cells were generating less energy from mitochondrial function, it is reasonable that they had increased glycolytic rates. Therefore, we measured glucose uptake in the cells with 3 H-labeled 2-deoxy-D-glucose (2DG) (Figure 5b , right panel). Compared with wild-type cells, the ATG5 null cells showed a 52% greater uptake of glucose under both normoxic and hypoxic conditions. Examining lysates from these cells shows increased expression of Glut1 in the ATG5 null cells exposed to hypoxia, presenting a potential mechanism for additional glucose uptake (Supplementary Figure S4) .
To determine if these processes that are regulated by ATG5 had a cellular consequence, we tested the ATG5 wild-type and knockout cells for plating efficiency in either moderate or severe hypoxia. Single-cell suspensions were plated and grown for 10 days in either 2 or 0.5% oxygen environments and surviving colonies counted. The wild-type cells showed a significant reduction in plating efficiency in hypoxia when compared to the knockout cells (Figure 5c, left panel) . To test the response to severe hypoxia, single-cell suspensions were plated and exposed to o0/01% oxygen environments for 24-48 h and then returned to 21% oxygen environment to allow for colony formation. Again the wild-type cells were moderately more sensitive to severe hypoxia (Figure 5c , right panel).
Autophagy-deficient MEFs are more tumorigenic in vivo. Impairment of autophagy by loss of beclin-1 has been shown to promote tumorigenesis. Therefore, we tested the ATG5 cells that displayed metabolic and cellular effects to see if suppression of autophagy by ATG5 deletion can accelerate the growth of experimental tumors. ATG5-proficient and ATG5-deficient immortalized MEFs were stably transfected with an oncogenic H-ras-encoding plasmid and the resultant transformed cells were injected subcutaneously into nude mice to form fibrosarcomas. The ATG5 knockout cells showed moderately enhanced growth compared to the wild-type cells (Figure 6a ). We also made xenograft tumors of the tetracycline-regulated ATG5 cell lines and turned off ATG5 expression by adding 2 mg/ml doxycycline in drinking water. In agreement with the results obtained using ATG5 null MEFs, conditional loss of ATG5 expression also accelerated the growth of these fibrosarcomas (Figure 6b ). At the completion of the studies, some tumors were harvested for determination of their ATG5 and LC3 protein levels (Figure 6c ). ATG5 protein was detected only in tumors derived from the wild-type cells and the engineered cell line in the absence of doxycycline. Accordingly, processing of LC3 and accumulation of the LC3-II form were detected only in ATG5-expressing tumors, showing that some level of stress in vivo was capable of inducing autophagy. In contrast, the BNIP3-and BNIP3L-expressing cells did not show differential growth as xenografts (Supplementary Figure S5) .
Discussion
An increasing list of (patho)-physiological conditions and chemical compounds are recognized for their ability to activate autophagy. Genetic approaches have helped to appreciate the importance of the autophagic machinery during normal development and have sparked interest in the biological consequences of its deregulation in disease, including cancer. Hypoxia, nutrient deprivation, and growth factor depletion represent stresses of the tumor microenvironment that could potently activate autophagy. Our results show that oxygen deprivation can induce autophagy in human tumor cells in the absence of additional stress such as glucose deprivation or serum withdrawal.
Our study showed that the autophagic response does not require an intact HIF pathway, as autophagosome formation was not impaired in HIF-1a knockout and knockdown cells. We also showed that HIF-2a is not sufficient to induce autophagy by using the 786-0 cells that express only this isoform. The results suggest that HIF target genes are not essential for autophagy under hypoxia. This is in agreement with previous findings from our laboratory and others. 5, 7 Several groups have suggested that the HIF-1 target gene BNIP3 mediates autophagy. 7, [9] [10] [11] 33, 34 It is important to note that the above studies utilized different combinations of stress, and the different conclusions demonstrate the complexity of the signaling investigated. Macleod and co-workers 7 report that in the context of pRb deficiency, BNIP3 is protective against autophagic cell death, but only in the context of 0.5% oxygen and serum deprivation. Semenza and co-workers 34 describe how BNIP3 is protective to cells treated with 1% oxygen, whereas Gibson and co-workers report the opposite, 33 that BNIP3 expression is toxic to cells cultured under o1% oxygen. A reasonable explanation for these disparate findings is that several pathways can converge on the autophagic machinery, and various cell systems and stresses rely on these signals differentially. A clear role for BNIP3 in human disease has not been clearly elucidated.
Our results reveal a positive role for the AMPK signaling pathway in the induction of autophagy under hypoxia. There is growing evidence supporting the conserved role of AMPK in autophagy triggered by other stimuli such as entry into stationary phase in yeast and treatment with p53-activating or Ca 2 þ -mobilizing agents. Activation of AMPK has been known to occur after exposure to hypoxia, independently of HIF. 15, 16 Furthermore, the finding that the TSC2 null MEFs are also resistant to hypoxia-induced autophagy suggests that AMPK is working upstream of TSC2 and through mTOR in regulating the process. 41 The fact that AMPKa nullizygous MEFs were not completely resistant to autophagy raises the possibility of additional pathways converging at the core autophagic machinery.
The complete lack of LC3 processing in ATG5 knockout MEFs indicates that regardless of the upstream triggering signal, ATG5 is necessary for the successful formation of autophagosomes under hypoxia, as it is for other stresses. 21, 42 One important finding of the present study is that ATG5 deficiency alters the metabolic response to hypoxia, namely reduced oxygen consumption and increased glucose uptake. One possible explanation is that hypoxiainduced autophagy provides metabolic substrates for energy production via oxidative phosphorylation. The autophagydeficient cells are lacking this energy source and increase their glucose uptake as a compensatory mechanism. Another, not mutually exclusive, explanation is that autophagy is responsible for the maintenance of a healthy, functional mitochondrial population. The reduced respiration of the ATG5 null MEF could then reflect the accumulation of defective mitochondria. Although the underlying cause of this phenomenon is not clear yet, it is noteworthy that ATG5 deficiency shifts cells toward a more glycolytic phenotype. Increased glycolysis is thought to be advantageous for tumor growth, 43 so it is tempting to speculate that the increased tumorigenicity of autophagy-defective cells can be somewhat attributed to this metabolic adaptation. This model is not inconsistent with recent evidence that has shown that defects in autophagy render cells susceptible to stress-induced genomic instability and aneuploidy. 28 
Materials and Methods
Cell lines and chemicals. HIF-1a knockout and matched wild-type SV40-immortalized MEFs were a gift from R Johnson (University of California, San Diego). 44 AMPK knockout MEFs have been described elsewhere.
TSC2
þ / þ p53 À/À and TSC2 À/À p53 À/À immortalized MEFs were a gift from DJ Kwiatkowski (Harvard, Boston). SiHa cervical and RKO colon carcinoma cells were purchased from the ATCC. Renal clear cell carcinoma 786-0 and 786-0/VHL cells were a gift from A Giaccia (Stanford University). HeLa cell clones overexpressing BH3 proteins have been described elsewhere. 5 Ire-1 and PERK knockout cells were a gift from A Koong (Stanford University). ATG5 knockout, inducible ATG5 MEFs, and LC3 antibody were the kind gift of N Mizushima (Tokyo Medical and Dental University). All cell lines were grown in DMEM with 10% fetal bovine serum and 20 mM HEPES. Tumorigenic clones were derived from immortalized ATG5 wild-type and knockout MEFs by stable transfection with an oncogenic Ha-rasencoding expression plasmid.
For hypoxia treatments, cells were incubated in a humidified hypoxic workstation (Invivo 2 , Ruskinn Inc., Cincinnati, OH, USA) or an anaerobic workstation with a palladium catalyst (Sheldon Corp., Cornelius, OR, USA). Final oxygen concentrations were confirmed using a Clark-type polarographic electrode (Animas, Frazer, PA, USA). In experiments involving inhibition of lysosomal degradation, cells plated in 12-well culture plates were incubated in 21 or o0.01% O 2 for 22 h, followed by a further 2 h incubation in fresh equilibrated medium containing 10 mg/ml pepstatin A and 10 mg/ml E64d. All chemicals were purchased from Sigma unless otherwise indicated.
Plasmids. The expression vector pEF2aIRESpuro, the sequences targeting HIF-1a, BNIP3, and BNIP3L for knockdown experiments, and the strategy for cloning the sequences into the pSuper vector have been described elsewhere. 5, 37 Western blotting. Cells were lysed in RIPA buffer, sonicated, and protein concentrations calculated by BCA (Pierce, Rockford, IL, USA). Proteins (10-20 mg) were separated in Tris-Tricine gels and transferred onto Hybond-P membranes (Amersham, Piscataway, NJ, USA). The antibodies used were mouse anti-HIF-1a (BD Transduction Laboratories, San Diego, CA, USA), anti-LC3 rabbit polyclonal (MBL International, Woburn, MA, USA), mouse anti-beclin-1 (BD Transduction Laboratories), mouse anti-ATG5 (Abnova), chicken anti-ATG5 (Abcam, Cambridge, MA, USA), mouse anti-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-Glut1 (Neomarkers, Freemont, CA, USA), mouse anti-GAPDH (Research Diagnostics, Concord, MA, USA), and goat anti-LDH A (Santa Cruz Biotechnology). Rabbit anti-AMPK, anti-ACC, and anti-phospho-ACC antibodies were purchased from Cell Signaling (Danvers, MA, USA). The rabbit polyclonal antibodies against BNIP3 and BNIP3L have been described elsewhere. 5 Secondary alkaline phosphatase-conjugated antibodies were from Vector Laboratories Inc. (Burlingame, CA, USA). Immunoblotting signals were visualized with the ECF substrate (Amersham) and detected using a Storm Imager (Molecular Dynamics, Sunnyvale, CA, USA).
Immunofluorescence. Cells plated in eight-chamber slides (Nunc) were transfected with a GFP-LC3 expression plasmid using Lipofectamine2000 (Invitrogen, Carlsbad, CA, USA). Cells were fixed with 4% paraformaldehyde and the nuclei were counterstained with 10 mg/ml Hoechst 33342. Cells were visualized on a Nikon Eclipse E800 microscope equipped with a Spot RT Slider CCD digital camera (Diagnostic Instruments, Sterling Heights, MI, USA).
AO staining. Changes in intracellular acidic compartments were determined according to Klionsky 20 with minor modifications. Briefly, following treatment, cells were stained with 2.5 mg/ml AO for 15 min, trypsinized, resuspended in PBS, and immediately analyzed in a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA). Green and red fluorescences were measured on a linear scale using the FL1 and FL3 channels, respectively.
Oxygen consumption measurements. Cells plated in 100-mm tissue culture plates were incubated at 0.5 or o0.01% O 2 for 24 h. They were then trypsinized, resuspended in fresh culture media at 5 Â 10 6 cells/ml, and oxygen consumption was measured using an Oxytherm electrode unit (Hansatech, Norfolk, UK).
2DG uptake. 2- [1,2,-3 H (N)]-Deoxy-D-glucose was purchased from PerkinElmer (Boston, MA, USA). Cells in six-well plates were incubated at 371C under 21% or o0.01% O 2 for 24 h in DMEM containing 25 mM glucose, washed twice with PBS, and then fresh medium containing 0.5 mM glucose and 0.5 mCi 3 H-labeled 2DG was added for an additional 30 min. The cells were then washed twice with cold PBS and lysed with 0.2 M NaOH/0.1% SDS. Radioactivity was measured with a liquid scintillation counter. Identical series of samples were lysed in RIPA buffer to measure protein concentrations.
Transmission electron microscopy. Cell monolayers were fixed in 2% glutaraldehyde buffer. Sections were stained with uranyl acetate and lead citrate, and examined with a Jeoll230 transmission electron microscope.
